Introduction
The inflammatory response to burn trauma includes both systemic and local events. Exogenous factors such as bacteria, bacterial toxins, chemical or physical alterations affect its severity. The inflammatory response to burn is, in part, mediated via the release of the inflammatory cytokines IL-1␤, TNF-␣, and IL-6. Increased levels of these cytokines cause a severe catabolic state. 1, 2 The prolonged post-traumatic hypermetabolic state has been attenuated by aggressive nutritional and pharmacologic interventions. [3] [4] [5] The release of pro-inflammatory cytokines after severe trauma occurs not only at a systemic level but also in the burn wound itself and to a lesser extent in the surrounding uninjured tissue. 6, 7 The skin constitutes the body's largest immune organ, thus a thermal injury clearly influences immune competence and resistance against infection and inflammation. 8 Although the release of inflammatory cytokines may be beneficial in stimulating immune defense mechanisms, its influence, when overexpressed, may be detrimental. It has been suggested that the prolonged and increased inflammation associated with burn trauma inhibits burn wound healing and the recovery process. 9, 10 Modern concepts of burn wound treatment include early excision of the burn eschar to decrease the amount of devitalized tissue which minimizes mediator release and the potential for infection and sepsis. 11 Several agents (rhGH, IGF-1, etc) have been used to modulate systemic and local inflammatory responses. 12 There are beneficial effects of IGF-1 treatment on the postburn hypermetabolic response and the rate of burn wound healing. [13] [14] [15] Systemic treatment with IGF-1, however, can result in hypoglycemia, electrolyte imbalances, headache, fatigue, edema formation, and death. This may be due to the supraphysiological doses of IGF-1 required to reach biological efficacy. 16, 17 Systemic application of IGF-1 together with its binding protein-3 that may decrease these sideeffects, might cause adverse neuropathies in adults (unpublished observation). Local administration of recombinant IGF-1 protein to the burn wound site has not been shown to be efficacious. An alternative to the topical treatment with IGF-1 is local transient gene transfer of an IGF-1 cDNA construct to induce IGF-1 synthesis and secretion at the wound site by fibroblasts and keratinocytes. One way to achieve efficient local gene transfer is through the use of viruses. Although adenoviruses are very efficient, they can result in virus infection-associated disease, immunological compromise, and long-term inte- gration of the transferred gene sequence into the host genome with possible mutagenic effects. 18, 19 Other gene transfer technologies rely on particle-mediated transfer ('gene gun'), microseeding techniques, or liposomes. [19] [20] [21] Cholesterol containing cationic liposomes have been efficiently and safely used to deliver a CMV promoterdriven IGF-1-cDNA construct into the burn wound to stimulate re-epithelialization. 22, 23 The healing effects of IGF-1 have been attributed to mitogenic effects on fibroblasts and keratinocytes, anti-apoptotic effects via phosphatidylinositol-3 kinase signaling pathway, 24, 25 and the stimulation of local collagen formation. [26] [27] [28] We tested the hypothesis that localized paracrine IGF-1 production, resulting from transient localized gene transfer of CMVdriven IGF-1-cDNA, ameliorates the prolonged local inflammation typically triggered by burn trauma and facilitates wound healing. In this study, local liposomal IGF-1 gene transfer is shown to attenuate increases in IL-1␤ and TNF-␣ and increase the levels of the anti-inflammatory cytokine IL-4 in the burn wound.
Results
Burn-induced increases in IL-1␤ mRNA levels at the wound border were significantly diminished by IGF-1 cDNA gene transfer treatment as early as day 10 postburn ( Figure 1a) . Similarly, burn-induced increases in TNF-␣ mRNA levels in burn wounds were also significantly reduced by IGF-cDNA transfer as early as day 10 post-burn ( Figure 1b) . By contrast, liposomal IGF-1 gene transfer increased TNF-␤ mRNA levels in a linear fashion over time with significant increases measured as early as day 10 post-burn ( Figure 1c ). Other pro-inflammatory cytokines, such as IL-1␣ and IL-6, displayed measurable levels of mRNA that showed increases as compared with control values. However, treatment with IGF-1 had no significant effect on burn-induced increases in the mRNA levels of other inflammatory cytokines, such as IL-1␣ or IL-6 (Figure 1d and e). While IL-1, TNF and IL-6 cytokine mRNA levels were measurable after burn trauma, the levels of IL-2, IL-3, IL-5, and IFN-␥ mRNAs were not detectable before or after burn trauma irrespective of IGF-1 gene transfer treatment.
While the expression of IL-10 mRNA was below detection limits, in all tissues, both treated and untreated burn wounds, the mRNA expression levels of the antiinflammatory cytokine IL-4 were not changed but for a transient elevation by IGF-1 gene transfer treatment at the burn wound site at day 7 post-burn trauma ( Figure 2 ).
To test whether the effects of IGF-1 gene transfer on cytokine expression were restricted to the wound site, ELISAs were used to measure serum levels of TNF-␣, IL-1␤, and IL-6 proteins at 1, 4, 7 and 10 days after burn trauma. As expected, serum cytokine levels did not show any significant changes after IGF-1 gene transfer treatment of burned animals.
One key event to the post-traumatic inflammatory response is the increased synthesis of acute phase reactant proteins. As a measure of the systemic inflammatory response, levels of acute phase proteins (haptoglobin and ␣-2-macroglobulin, Figure 3a and b) and constitutive serum proteins (albumin, transferrin, Figure 3c and d) were measured using a Behring nephelometer. As expected, there was a significant decrease in the levels of constitutive serum proteins in the burned animals. This did not change after IGF-1 gene transfer treatment. Not surprisingly, acute phase proteins (haptoglobin and ␣-2-macroglobulin) increased in the burned animals irrespective of IGF-1 gene transfer treatment.
To test for possible systemic side-effects resulting from local IGF-1 gene transfer, serum glucose and electrolyte levels were measured. There were no changes in glucose levels in burned animals treated with IGF-1 when compared with saline-treated animals ( Figure 4) . Similarly, all Gene Therapy electrolyte concentrations (sodium, potassium, calcium, magnesium and anorganic phosphate) were not affected by the local delivery of IGF-1 cDNA.
In both groups, burned treated and untreated animals, there was loss of approximately 5% body weight as early as day 4 after burn trauma. In the IGF-1-treated burned animals, a trend towards an earlier return to basal body weights was observed as early as day 10 post-burn ( Figure 5 ).
Discussion
The response to burn trauma consists of synchronized sequelae of events involving many different cell phenotypes. Key events include the triggering of inflammatory signaling via increased synthesis and release of cytokines and growth factors that regulate the hypermetabolic response, immune function, and wound healing via extracellular matrix deposition and re-epithelialization. In the early phases of wound healing, there is an upregulation of the pro-inflammatory cytokines IL-1␣, IL-1␤, and TNF-␣. 29 This is assumed to be a component of the stress response that regulates protective processes, including caspase-mediated apoptosis, and reduces necrosis-associated pathology, which terminates the burn-induced inflammatory cascade and minimizes damage. Furthermore, cytokine release stimulates growth factor synthesis necessary to the wound healing process. Not surprisingly, the inhibition of cytokine release through exogenous glucocorticoid treatment or as a consequence of diabetic pathology hinders the wound healing process. 29.30 However, excessive increases of the pro-inflammatory cytokine response also have adverse effects on wound healing due to disruption of cell-cell interactions and extracellular matrix deposition. 10 Salomon et al 31 showed that topical application of TNF-␣ decreases the mechanical strength of incisional wounds. Alternatively, endotoxin-resistant mice display both decreased levels of pro-inflammatory cytokines in the wound fluid and increased wound-breaking strength. 32 Impaired bowel anastomosis healing has also been reported in septic rats related to the increased local IL-6 expression. 33 Gene transfer of IGF-1 cDNA via cholesterol-containing cationic liposomes has been shown to result in a faster re-epithelialization of the burn wound in rats. 23 The healing effects reported for IGF-1 have been attributed to a mitogenic effect on fibroblasts and keratinocytes, antiapoptotic effects via phosphatidylinositol-3 kinase signaling pathway, 24, 25 and stimulation of local collagen formation. [26] [27] [28] In this study, liposomal IGF-1 cDNA gene transfer also prevents burn-induced increases in proinflammatory cytokine mRNA expression levels. The burn-induced elevated IL-1␤ mRNA levels present in the burn wound were attenuated by IGF-1-cDNA treatment. Similarly, IGF-1-cDNA treatment of burned rats also resulted in an abrogation of the burn-induced increases in TNF-␣ mRNA levels evident by day 10 post-burn trauma. The IGF-1 gene transfer, however, had no effect on the expression of IL-1␣ mRNA or IL-6 mRNA at the burn wound. Therefore, it appears that the increases in local IGF-1 protein levels may ameliorate local burninduced increases in pro-inflammatory cytokine levels and thus prevent the local triggering of a persistent inflammatory reaction. This prolonged local inflamma- tory response at the wound site may hinder and delay the ongoing process of wound healing. 10, 29, 32 A potential mechanism for this effect may be the activation of keratinocyte and fibroblast apoptosis via increases in local TNF-␣ protein levels, known to activate the caspase cascade and apoptosis. The IGF-1-induced decreases in local TNF-␣ levels may be responsible for decreases in the number of keratinocytes that commit to apoptosis. Skin injury results in IL-1 release, which attracts neutrophils and other immunocompetent cells to the wound site. In keratinocyte cultures, IL-1-enhanced UV irradiation induces keratinocyte apoptosis. 34 This effect seems to be mediated by TNF-␣, as it can be blocked by treatment with a TNF-␣ antibody. 34 Therefore, a decrease in the levels of IL-1␤ due to local increases in IGF-1 secretion may reduce apoptotic outcomes and also promote reformation of skin epithelium.
Figure 3 (a) Serum haptoglobin levels. Serum haptoglobin levels of burned rates treated with vehicle (solid circles; n = 8 each) or liposomal IGF-1 gene transfer (empty circles; n = 8 each) at day 1, 4, 7, and 10 after burn. Data presented as means ± s.e.m. Normal values in unburned rats: 285 ± 48 mg/l. (b) Serum ␣2-macroglobin levels. Serum ␣2-macroglobin levels of burned rats treated with vehicle (solid circles; n = 8 each) or liposomal IGF-1 gene transfer (empty circles; n = 8 each) at day 1, 4, 7, and 10 after burn. Data presented as means ± s.e.m. Normal values in unburned rats: 106 ± 34 mg/l. (c) Serum albumin levels. Serum albumin levels of burned rats treated with vehicle (solid circles; n = 8 each) or liposomal IGF-1 gene transfer (empty circles; n = 8 each) at day 1, 4, 7, and 10 after burn. Data presented as means ± s.e.m. Normal values in unburned rats: 31 ± 1 g/l. (d) Serum transferrin levels. Serum transferrin levels of burned rats treated with vehicle (solid circles; n = 8 each) or liposomal IGF-1 gene transfer (empty circles; n = 8 each) at day 1, 4, 7, and 10 after burn. Data presented as means ± s.e.m. Normal values in unburned rats
The effects of pro-inflammatory cytokines on the local wound environment are also important since IL-1 and TNF-␣ stimulate both collagen and metalloproteinase synthesis by fibroblasts at the wound. 35 IL-1 and TNF-␣ have been shown to upregulate the expression of matrix metalloproteinases (MMPs) in fibroblasts, especially MMP-1 and MMP-3. 36, 37 In general, MMPs favor the degradation of extracellular matrix, with its collagen, laminin and basal membrane components, thus slowing deposition of the necessary cellular matrix, wound closure and re-epithelialization. 38 Mechanistically, the abrogation of a localized increase in pro-inflammatory cytokine production by IGF-1 may thus reduce local production of MMPs and the resultant extracellular matrix degradation.
Treatment with liposomal IGF-1 cDNA resulted in a transient significant increase in the expression of IL-4 mRNA by day 7. IL-4, an anti-inflammatory cytokine, is known to down-regulate inflammatory responses. Therefore an elevation of the local IL-4 mRNA expression may have a beneficial influence on the local wound milieu. This suggests that beside the prevention of increased local inflammatory cytokine release the increased localized IGF-1 secretion acts by the concomitant stimulation of the anti-inflammatory cytokine IL-4 resulting in the abrogation of the inflammatory response. The IGF-1 modulation of the cytokine release after burn trauma appears to contribute to the observed improvement in wound healing. 34, 35 The IGF-1 effects on inflammatory and anti-inflammatory cytokine expression may also influence extracellular matrix deposition and thus improve eventual wound breaking strength. 10, 31 Although, there were significant differences in the local cytokine mRNA levels in burned animals after treatment with IGF-1 cDNA gene transfer compared with untreated burn animals, systemic serum cytokine levels for TNF-␣, IL-1␤, and IL-6 proteins did not show any significant changes in either treated or untreated burned rats. Thus, the triggering of the inflammatory response and its abrogation by the gene transfer treatment with IGF-1 cDNA appears to be localized, with minimal immediate systemic effects. Local IGF-1 gene transfer also did not influence burn-induced decreases in the serum protein levels of albumin and transferrin. Furthermore, the systemic acute phase reaction and levels of acute phase reactants, haptoglobin and ␣-2-macroglobulin, were not affected by the localized IGF-1-cDNA transfer as were serum glucose and electrolytes.
In summary, our results show that topical liposomal gene therapy with IGF-1 cDNA constructs modulates local synthesis of both pro-and anti-inflammatory cytokines. Specifically, IGF-1 cDNA transfection decreases local IL-␤ and TNF-␣ mRNA expression. Given that increased levels of pro-inflammatory cytokines can delay the wound healing, our results demonstrate that local liposomal IGF-1 gene transfer can decrease proinflammatory cytokine release, while increasing the release of anti-inflammatory cytokines and thus abrogate the triggering of inflammation, apoptosis, and degradation of extracellular matrix by matrix metalloproteinases. Local paracrine secretion of IGF-1 thus can decrease local inflammation, and lead to better and faster wound healing.
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Materials and methods
Animals
Adult male Sprague-Dawley rats weighing 350-400 g (Harlan Sprague-Dawley, Houston, TX, USA) were housed in wire bottom cages in a temperature-controlled room with a 12:12 h light-dark cycle. The animals were acclimatized to their environment for 7 days before the study. All received equal amounts of a liquid diet of Sustacal (Mead Johnson Nutritionals, Evansville, IN, USA) and water ad libitum throughout the study.
Anesthesia was induced by intraperitoneal injection of pentobarbital (50-90 mg/kg) and buprenorphine-tartrate (0.1-1.0 mg/kg). Rats were shaved and received a 40% total body surface area (TBSA) full-thickness scald burn following the model previously described by Herndon et al. 39 Burned rats were resuscitated with 60 ml/kg lactated Ringers and randomized into treatment or control groups. Control animals received anesthesia and equivalent handling without inflicting a scald burn.
Burned rats received 0.2 ml of the liposome solution (2.2 g DNA in 20 l DMRIE-C in 180 l saline) or saline at two sites, 1 cm from the burn wound margin. Rats were weighed daily and killed by decapitation at days 1, 4, 7 or 10 after burn. Serum was collected in serum separator tubes and plasma in EDTA tubes, spun at 2000 g for 10 min, decanted, and frozen at −80°C until analysis. Skin samples (1 cm 2 ) were harvested from the wound border at the injection site. Times of tissue harvest (day 1, 4, 7, and 10) were chosen based on results of time course assessments of liposomal IGF-1 gene transfer and the subsequent synthesis of IGF-1 protein. 30 Samples were immediately frozen in liquid nitrogen and stored at −80°C for further processing.
The IGF-1-cDNA treatment solution consisted of a 10 l liposome solution in 180 l saline containing 2.2 g of an IGF-1 cDNA construct and 0.2 g cDNA of the reporter gene LacZ. 23, 30 The liposome solution was made up of the cationic lipid DMRIE-C (1,2-dimyristyloxypropyl-3-dimethyl-hydroxyl ethyl ammonium bromide) and cholesterol in membrane-filtered water (DMRIE-C Reagent; Gibco BRL Life Technologies, Rockville, MD, USA). All lipid-DNA complexes were freshly prepared 2 h before injection. The IGF-1 cDNA construct consisted of a cytomegalovirus driven IGF-1 cDNA plasmid prepared at the University of Texas Medical Branch Sealy Center for Molecular Science Recombinant DNA Core Facility. The IGF-1 cDNA was a kind gift of G Rotwein (NIH, Bethesda, MD, USA). Burn controls received an equal amount of saline injected subcutaneously.
To establish levels of regular cytokine expression in the skin, both burned and non-burned rats were pair-fed. Animals were killed and tissue was harvested as described above.
Total RNA was isolated from samples by acid guanidinium thiocyanate-phenol-chloroform extraction using TRI Reagent (Molecular Research Center Inc., Cincinnati, OH, USA), a method based on the single step method of RNA isolation described by Chomcyzynski and Sacchi. 41 Samples were homogenized in TRI Reagent on ice and total RNA extracted following the manufacturers' instructions. Extracted RNA was quantitated and stored in 10 g aliquots until performance of RPA at −80°C.
To determine local cytokine mRNA expression, multiple probe ribonuclease protection assays (RPA) (RiboQuant; Pharmingen, San Diego, CA, USA) were performed using a multi-probe template set (rCk-1) containing probes for IL-1␣, IL-1␤, IL-2, IL-3, IL-4, IL-5, IL-6, IL-10, TNF␣, TNF␤ and IFN␥. ␣-32P-labeled antisense RNA probes from standard and rCK-1 templates were generated and hybridized with the sample (target) RNA. After digestion of free probes and other single stranded RNA with RNases, the protected probes were purified and resolved on denaturing polyacrylamide gels and developed on film. Identification of expressed mRNA species was achieved by correlating the presence of bands to the expected fragment length. Radioactivity of ␣-32P-labeled probes was measured by phosphorimaging and the quantity of each mRNA species determined based on the intensity of the protected probe fragments. Levels of the cytokine mRNA expression were normalized to the expression of the housekeeping gene L32.
Serum glucose, albumin, electrolytes and serum enzyme levels were determined using an automated analyzing system (Cobas Mira Plus; Roche Diagnostics, Branchburg, NJ, USA). Other constitutive hepatic proteins (pre-albumin, transferrin, and retinol-binding protein), type I acute phase proteins (C-reactive protein, C-3 complement, and ␣1-acid-glycoprotein) and type II acute phase proteins (haptoglobin, ␣2-macroglobulin, and ␣1-anti-trypsin) were measured using the automated Behring 100 nephelometer system (Behring, Deerfield, IL, USA).
Serum-TNF␣, IL-1␤ and IL-6 were determined with a rat specific enzyme-linked immunosorbent assays (ELISA) (Endogen, Woburn, MA, USA). Standard curves for quantification of rat TNF␣ were linear from 0 to 833 pg/ml on a logarithmic scale. Standard curves for quantification of rat IL-1␤ were linear from 0 to 1500 pg/ml on a logarithmic scale. The standard curves for quantification of rat IL-6 were linear from 0 to 2000 pg/ml on a logarithmic scale.
The study was approved by the Animal Care and Use Committee (ACUC) of the University of Texas Medical Branch (Galveston, TX, USA) and followed the guidelines established by the National Research Council. Statistical analysis was performed using a standard statistical software package (SigmaStat 5.0 Jandel). Comparisons were made using unpaired t-test or Mann-Whitney test where appropriate. Data are expressed as means ± s.e.m. Significance of the differences was accepted at P Ͻ 0.05.
